A lossless holographic spectrum splitter is proposed for partitioning the solar spectrum into two segments in a twocell lateral photovoltaic (PV) device. The holographic splitter is used to redirect the majority of high energy photons to a high band-gap PV cell. A low band-gap PV cell is positioned to collect any remaining high energy photons along with the low energy photons. The optimal spectral characteristics of the holographic spectrum splitter, implemented using two multiplexed volume phase gratings, and the optimal band-gap energies of the two lateral PV cells are simultaneously obtained through a detailed balance analysis. With arbitrary band-gap energies and a concentration of 100 suns, the overall efficiency of the proposed lateral PV cell architecture can reach as high as 45% under the AM 1.5 direct-pluscircumsolar spectrum.
HOLOGRAPHIC SPECTRUM SPLITTERS
Efficient partitioning of the solar spectrum and light delivery to the respective photovoltaic (PV) cells is implemented using multiplexed phase volume gratings in a volume hologram. Phase volume gratings are capable of redirecting a segment of the incident spectrum without loss via Bragg diffraction. In our calculations, the incident spectrum is modeled as the incoherent superposition of normally incident plane waves in a continuum of wavelengths. Diffraction through the hologram splits each incident (monochromatic) plane wave into two diffraction orders, one of which propagates in the same direction as the incident plane wave (0 th order) and the other propagates in a different direction (1 st order) depending on the geometry of the grating. An exchange of energy takes place between the two diffracted orders, as described by Kogelnik' s coupled wave analysis [1] . With the proper incident angle and wavelength, it is possible to direct all of the incident energy to only the 1 st diffracted order. The ratio of the energy contained in the 1 st diffraction order to the incident energy for a particular wavelength is defined as the "spectral diffraction coefficient."
Assuming normal incidence, the illuminating wavelength that maximizes the diffraction coefficient for a volume grating is defined as its "center wavelength." As the incident wavelength deviates from the center wavelength, the spectral diffraction coefficient decreases. This characteristic fall-off in the spectral diffraction coefficient defines the spectral characteristics for a single phase volume grating and is well-known from Kogelnik's calculations [1] . The presence of multiple volume gratings in the same emulsion allows for more flexibility in the spectral characteristics of the hologram (higher bandwidth, sharper cutoff, etc.) but compromises the diffracting capabilities of each grating. In particular, the peak diffraction coefficient of each grating is reduced, as evident in the comparison shown in Figure 1 .
We have developed a model to accurately describe the coupling effects between multiplexed volume gratings. Kogelnik's theory does not account for coupling effects and cannot be used to calculate the spectral diffraction characteristics of multiplexed volume gratings. Neglecting these coupling effects would result in a violation of the radiance theorem, allowing the combined spectral diffraction coefficient of the multiplexed gratings to exceed 100% at a particular wavelength. In Kogelnik's calculations, energy transfer is assumed to take place strictly between the 0 th and 1 st diffraction orders. This assumption becomes invalid in the case of multiplexed volume gratings, since more gratings will generate additional diffraction orders. Not all of the new diffraction orders are significant; many of them can be neglected if the geometry of the diffraction deviates significantly from Bragg-matching conditions. Our model is an extension to Kogelnik's coupled-wave analysis. By incorporating these additional diffraction orders into the calculation, energy exchange is allowed between any two diffraction orders coupled through a volume grating. The simultaneous exchange of energy amongst all the significant diffraction orders in the system, subject to the appropriate boundary conditions, allows us to compute the diffraction coefficients for the multiplexed volume gratings. The results obtained in this manner are consistent with the radiance theorem. Figure 1 shows a comparison of the spectral diffraction coefficients of two volume gratings calculated from Kogelnik's theory [1] and the same quantities calculated using our coupled grating model. The coupled grating model is used to optimize the overall spectral diffraction coefficient within a defined spectral band. Using as few as two multiplexed volume gratings, almost 90% of the incident power between 300nm and 600nm can be redirected. The remaining 10% transmits through the hologram in the same direction as the low energy photons. The spectral band was arbitrarily chosen based on the optimal spectral splitting at 740nm for two lateral cells (assuming ideal split-spectrum optics) while taking into consideration the fall-off characteristics in the spectral diffraction coefficient at longer wavelengths. The critical parameters that determine the spectral characteristics of the multiplexed gratings are the center wavelength corresponding to each grating (λi), the index modulation of each grating (ni), and the diffraction angle of the redirected spectral band (θ). The hologram thickness is fixed at 70μm and its average refractive index is set to 1.5. Under these constraints and assuming normal incidence, the maximum overall spectral diffraction coefficient is found to be 89%, as shown in Figure 2 (a). Figure 1 illustrates the fall-off characteristic in the diffraction coefficient of the holographic splitter as we deviate from the center wavelengths of each grating. It is important to note that the diffraction coefficient fall-off is not specific to a deviation in wavelength but, more generally speaking, a deviation from the Bragg-matching conditions of either grating in the diffraction geometry. Therefore, any deviation from normal incidence in the incident angle will also act to reduce the diffraction coefficient. However, small deviations in the incident angle from the angular subtense of the sun can be neglected in this model due to the wide range of acceptance angles exhibited by the chosen volume gratings. The diffraction geometry of the holographic spectrum splitter is shown in Figure 2 978-1-4244-9965-6/11/$26.00 ©2011 IEEEfound in [2] . Consequently, the holographic spectrum splitter exhibits spectral dispersion. This limits the amount of concentration we can achieve in the redirected spectral segment as a whole. However, the concentration ratio for any particular wavelength remains unchanged.
Figure 1. Diffraction coefficients calculated using Kogelnik's theory (a) for independent volume gratings and calculated using our coupled grating model (b) for multiplexed volume gratings (assumes normal incidence in both cases).

ALTERNATIVE SPECTRUM SPLITTERS
Dichroic mirrors provide an alternative method of facilitating lossless spectrum splitting with nearly ideal spectral characteristics. The caveat is that each additional cell in a lateral PV device would require its own mirror. In contrast, multiple volume gratings can be combined in the same emulsion, requiring no more than one optical element dedicated to the task of spectrum splitting for any number of lateral PV cells. In addition, volume gratings are able to operate in transmission geometries (as opposed to reflection in mirrors) and possess the ability to alter the shape of the incident wavefront, offering much more flexibility in redirecting the partitioned spectra. For instance, the volume hologram can be used to focus the diffracted spectrum, eliminating the need for additional focusing optics in a PV cell device. These factors make the volume hologram a better candidate when geometric constraints of the system architecture are taken into consideration.
DETAILED BALANCE OPTIMIZATION
The performance of a spectrum splitter in a lateral PV architecture can be evaluated by two primary quantities of interest. The first is the fraction of incident power that can be redirected within the desired band. The second is the fall-off characteristic (or 'leakage') in the spectral diffraction coefficient outside the desired band. The optimization shown in Figure 2 aims to maximize the first quantity. However, the fall-off characteristic plays a more significant role in optimizing the overall efficiency of the lateral PV device. In an ideal case where the characteristic fall-off is infinitely steep, the optimal band-gap energy for the high band-gap PV cell corresponds to the cutoff wavelength of the spectrum splitter and all the redirected photons can be absorbed. As the fall-off characteristic broadens, an increasing portion of the redirected photons will have energies below that of the high band-gap PV cell. These photons cannot be absorbed and are rejected from the device, hence the term 'leakage'. Thus a large transition width (corresponding to a gradual fall-off characteristic) penalizes the overall efficiency of the lateral device.
To address the leakage issues associated with a holographic spectrum splitter, it is necessary to optimize the diffraction coefficient spectrum and the PV cell bandgap selection concurrently. A detailed balance calculation is used to determine the theoretical maximum operating efficiency of the lateral device. Two single-junction cells are assumed to be illuminated from one side only and to operate in electrical isolation. Photons emitted due to radiative recombination are not recycled. The incident spectrum is assumed to be the AM 1.5 direct-pluscircumsolar spectrum. Figure 3 shows the calculated spectral diffraction characteristics of the holographic spectrum splitter that maximizes the overall device efficiency. In this optimization, two phase volume gratings are multiplexed in a 70µm-thick hologram with an average refractive index of 1.5 and two lateral single-junction cells with arbitrary bandgap energies are used. Upon transmitting the AM 1.5 plus circumsolar spectrum through the optimized holographic spectrum splitter, the partitioned spectral segments directed to each of the lateral PV cells can be obtained (shown in Figure 4 ).
The band-gap energies for the single-junction cells are optimized at 0.94eV and 1.77eV. These values are close to the optimal band-gap energies calculated from using dichroic mirrors. The overall efficiency of the two-cell lateral PV architecture is maximized at 45.0% for a concentration of 100 suns. In comparison, a single cell under the same conditions has a maximum operating efficiency of 35.8%. A two-cell split-spectrum device using an ideal, hypothetical, step-function partition of the incident spectrum can achieve a maximum efficiency of 48.6% if a series current constraint is not considered. This figure decreases to 46.9% in constrained devices such as epitaxial tandems. In previous work, however, it has been shown that the current constraint has a more significant impact on device efficiency when diurnal and seasonal variations in the incident spectrum are considered [3] . For a given spectrum, changes in the band-gap energy from their optimum values are necessary to achieve the desired current match. The efficiency penalty resulting from these changes are generally small, due to the relatively weak dependence of the efficiency maxima on band-gap selection. However, changes in the incident spectrum due to diurnal and seasonal variations act to reduce the efficiency of the device since the current match is only optimized for a particular spectrum. Considering a location in the southwestern United states and assuming that normal incidence is maintained throughout the day, the maximum operating efficiency of tandem devices is reduced to somewhere between 43.5% and 45.0%. In comparison, the unconstrained split-spectrum lateral device is able to maintain its operating efficiency at nearly 45.0% throughout the year. 
DEVICE ARCHITECTURE
The proposed two-cell split-spectrum lateral PV device is depicted in Figure 5 . The holographic spectrum splitter redirects the majority of the high energy photons to the high band-gap cell. The low band-gap PV cell is positioned to collect any remaining high energy photons along with the low energy photons. This ensures that any undiffracted high energy photons are still absorbed. The spectrum directed to the low band-gap PV cell is shown in Figure 4 .
The concentrating lens maps the angular separation of the incoming plane waves to a spatial separation in its focal plane, where the single-junction cells are placed. The spatial gap between the hologram and the concentrating lens is introduced for illustration purposes only. In a real implementation, the holographic spectrum splitter can be placed directly in front of the concentrating lens. Thus the vertical extent of the device is determined mainly by the focal length of the concentrating lens. 
CONCLUSION
The proposed lateral architecture allows the use of lowcost single-junction PV cells while achieving efficiencies comparable to tandem structures. This eliminates the need for current-matching in the design process as well as difficulties associated with lattice-matching during fabrication. The difference in efficiency is primarily due to the fact that multiplexed volume gratings cannot redirect 100% of the high energy photons to the high energy PV cell. The ramifications of coupling effects in multiplexed gratings have been discussed. It was pointed out that the fall-off characteristics in the spectral diffraction coefficient of the holographic spectrum splitter holds higher priority than achieving the highest possible spectral diffraction coefficient for the high energy photons. For two multiplexed phase volume gratings used in conjunction with two lateral PV cells, the optimal partitioned spectra and PV cell band-gap energies were obtained using our coupled grating model in conjunction with detailed balance calculations.
The holographic approach to spectrum splitting greatly reduces the bulk, complexity and cost associated with 978-1-4244-9965-6/11/$26.00 ©2011 IEEEmore conventional optical elements. In addition, holographic spectrum splitters can be used for focusing on top of partitioning the spectrum, although obtaining high spectral diffraction coefficients in more complex geometries remains largely unexplored. We have shown that in the case of simple diffraction geometries, the twocell lateral design using a lossless holographic spectrum splitter can achieve operating efficiencies equivalent to that of two-cell tandem devices.
